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and quaternary structure (9) . In contrast, tRNAs are a family of molecules of similar sizes and tertiary structures (10), presumably because they interact interchangeably with components of the protein synthesis machinery. The elements that permit synthetases to recognize and aminoacylate their cognate tRNAs and to avoid misacylating those from the 19 noncognate groups must be embedded within the nucleotide sequence of the tRNA and within any subtle structural variations that might exist. However, these recognition elements are not obvious because tRNAs that accept the same amino acid (isoacceptors) often have different nucleotide sequences (I 1).
Among the pioneers who initially joined the quest to identify the tRNA elements that direct correct aminoacylation was L. H. Schulman. Her early studies of Escherichia coli methionine tRNA (tRNAfMet), which is the tRNA responsible for translation initiation (Fig. 1) , provided crucial support for the idea that anticodon nucleotides are important to recognition by synthetases. Her subsequent detailed in vitro and in vivo studies of anticodon recognition in other E. coli isoaccepting groups revealed that anticodon recognition is a general characteristic of tRNA recognition systems. This article focuses on the development of ideas about the elements in tRNAs that dictate recognition by synthetases and highlights Schulman's contributions (12) . Additional information relevant to this field can be found in reviews (13, 14) .
The Early Years
The early development of the tRNA recognition field was driven by a belief in the existence of a common set of rules that dictate recognition in all tRNA-synthetase cognate systems. Although the idea of rules was conceptually simple, the hypothesis was difficult to test because data for most, if not all, of the 20 cognate tRNA-synthetase systems were required. An attractive initial hypothesis held that recognition elements were located at the same site in all tRNAs and that synthetases discriminated among tRNAs on the basis of a particular and distinctive nucleotide sequence at such a site. In this way, the tRNA recognition system would mirror the simplicity and elegance of the genetic code.
Speculation about the location of the recognition site primarily focused on two regions of the tRNA. The acceptor stem and the "discriminator" base at position 73 were attractive candidates because their proximity to the tRNA 3' terminus, where amino acids are attached, places them in the vicinity of the synthetase active site (15, 16) . On the other hand, Kisselev pointed out that the anticodon was an obvious choice for an "encoded" recognition site because it is a defining feature of each isoaccepting group (17) . Moreover, anticodon recognition would ensure translational fidelity because an anticodon mutation would simultaneously change the identity of the tRNA and its mRNA coupling capacity.
In large measure, the initial hypotheses concerning tRNA recognition defined the questions that needed to be answered. However, as in any emerging field, the latitude and precision of experimental exploration were both driven and constrained by the available methods (Table 1) (7, 15 
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locations of tRNA recognition sites because these methods could have inactivated a tRNA by altering its structure rather than by changing or eliminating a nucleotide required for contact by a synthetase.
The available methods also had technical drawbacks. The difficult and time-consuming process of purifying and sequencing individual isoaccepting tRNAs from bulk cellular RNA limited the types of tRNAs that were available for heterologous misacylation and chemical modification studies. Regions other than the anticodon had been studied in vivo where genetic selection was used for the insertion of particular amino acids by nonsense suppressing tRNAs (40), but it was nearly impossible to obtain tRNAs with multiple mutations. Moreover, only a subset of tRNA variants could be studied because many mutants were either not processed or were unstable (41) .
As an alternative to mutational studies of tRNAs, those who wished to pursue tRNA recognition examined tRNA-synthetase binding topologies by crosslinking the two molecules (19, 42). The available methods allowed nucleotides in the crosslinks to be identified but it was difficult to determine the corresponding crosslinked amino acids. Schulman developed more versatile methods that overcame some of the problems ( Table 2) .
The in vivo method developed by Abelson (67, 68) utilized tRNA genes having amber anticodons that were constructed from synthetic DNA oligonucleotides and cloned into and expressed from high copy number plasmids. A reporter protein gene having an engineered amber codon at residue 10 of dihydrofolate reductase was expressed in E. coli along with the tRNA gene and the in vivo amino acid identity of the amber suppressing tRNA was determined by sequencing the NH2-terminus of the purified translated protein. This system made it possible to express amber suppressing tRNAs having virtually any sequence so long as the tRNA-like structure that is required for processing and translation was maintained, and to quantify the amount of any amino acid that was inserted into the reporter protein by the suppressor tRNA. Abelson used this method to demonstrate that the in vivo identity of an amber suppressing tRNALeU could be changed from leucine to serine by transplanting nucleotides common to E. coli serine tRNAs into a tRNALeU sequence background and therefore showed that in vivo amino acid "identity swaps" were possible (68).
The in vivo method was not quite as versatile as the in vitro method because nucleotides involved in maintaining tRNA structure and in the anticodon could not be changed at will. Nevertheless, because all other nucleotides could be changed, the method provided a means for elucidating the requirements for specific tRNA amino acid identities within the cellular environment where all 20 synthetases are competing for substrates. In vivo identity sets comprise positive elements that are recognized by a particular synthetase as well as negative elements that disrupt potential productive interactions with the 19 other synthetases in the cell (36, 69). Studies of the identity sets (70-74) and identity elements of E. coli isoaccepting groups indicate that positive or negative elements in regions other than the anticodon often contribute to tRNA identity (Fig. 2) .
In spite of the requirement for either amber or opal (71) The results of competition studies as well as the discrepancies between the in vitro recognition and the in vivo identity sets (Table 2) To date, Schulman has shown that the anticodons for nine isoaccepting groups (including methionine) direct the insertion of some of the corresponding amino acid into the NH2-terminus of the reporter protein (Table 2) . For the initiator tRNAs having either a glycine, cysteine, or tryptophan anticodon, the initiation efficiency and proportion of the correct amino acid inserted was increased when position 73 was changed to that found in the respective wild-type tRNA. In contrast, a tRNAfMet having the asparagine anticodon (GUU) did not initiate protein synthesis (87), possibly because the asparagine residue attached to the tRNAfMet was not formylated and thus the tRNA was not competent for protein initiation (88). However, by expressing mutants of wild-type tRNA In in vivo and using a gel shift assay that distinguishes between acylated and deacylated tRNAs (89), Schulman showed that all three anticodon nucleotides are important for tRNAAsn identity (87). Moreover, the aminoacylation by LysRS of a tRNAAsn having a lysine anticodon (CUU) confirmed the importance of U35 to tRNALYs identity and showed that a pyrimidine at position 34 is also important for tRNALYs identity. Schulman's in vivo protein initiation system is invaluable for determining the contributions of anticodon nucleotides to in vivo amino acid identity, and it is also attractive because contributions to identity from nucleotides in other regions of the tRNA can be evaluated within the context of the wild-type anticodon. (Table 2) .
Recognition elements are not limited to the anticodon. They also can be located in the acceptor stem, position 73, the variable loop, and the variable pocket (Fig. 2) . It is intriguing that tRNAs from most isoaccepting groups have recognition elements in at least two locations, with the most common being the anticodon and the acceptor stem or position 73 (or both). The existence of overlapping recognition elements for several synthetases near the tRNA 3' terminus (60) and the observation that the active site domains of some synthetases can specifically aminoacylate RNAs comprised of only the acceptor-TTC stem (94) has led to the proposal that the ancestral tRNAsynthetase recognition system primarily involved the acceptor stem and position 73 and a portion of present-day synthetases (95). However, a recognition system entirely based on nucleotides in this region seems to have been lost as the translation machinery evolved and the genetic code was set; anticodon recognition has been added and, in some cases, seems to make a larger contribution to aminoacylation specificity than does the acceptor stem or position 73.
Experimental results and a computerassisted analysis of E. coli tRNA sequences (96) An in vitro selection technique (SELEX) (104) that allows RNAs that interact with proteins to be isolated from a pool of randomized RNA sequences provides an efficient means for sampling a large number of RNA variants. Uhlenbeck modified the SELEX procedure to isolate tRNAs that were bound and aminoacylated by E. coli PheRS (105). Transfer RNAs having some, but not all, of the nucleotides that conventional methods had previously shown to be important for recognition by PheRS (79) were selected from an RNA library representing a randomization of tRNAPhe recognition elements. Functional tRNAs isolated from another randomized library included some having unexpected combinations of nucleotides involved in tertiary interactions, indicating that PheRS can accommodate a much broader range of nucleotide sequence variation than is normally exhibited in its cognate tRNAs. SELEX paves the way for examining whether the nucleotides of recognition sets are functionally interdependent and for investigating constraints that might be imposed on tRNA sequence evolution.
Systematic studies of recognition sets in several organisms make it possible to speculate about mechanisms of tRNA evolution. The tRNAAla G3-U70 base pair is conserved in all organisms (11) and contributes significantly to aminoacylation by AlaRS in three distantly related organisms (106). However, for both tRNAPhe (79, 107) and tRNATrP (108), recognition element locations but not their nucleotide identities have been conserved. The data for tRNAPhe and tRNATrP indicate that mutations in recognition elements can be tolerated. Perhaps in vivo competition suppresses the effects of some mutations on the identity of the expressed tRNAs under normal cellular conditions. This would permit evolutionary divergence in the nucleotide identity of a recognition element within an isoaccepting group lineage that could be subsequently compensated by coevolutionary changes in the amino acid residues of the cognate synthetase.
Analyses of the available tRNA gene sequences provide another perspective on tRNA gene evolution. They reveal that tRNAs from different isoaccepting groups, within a single organism, are often more similar to one another than they are to their isoaccepting counterparts (109). This may simply reflect the accumulation of neutral mutations at sites that do not contribute to tRNA recognition. Alternatively, it may reflect the consequences of anticodon mutations. Because anticodon mutations have a high probability of changing both the amino acid identity and the mRNA coupling capacity of the expressed tRNA, they have a high probability of being tolerated. Anticodon mutations could therefore recruit tRNA genes from one isoaccepting group to another and thereby intermix tRNA gene sequences. Thus, the properties of the tRNA recognition system may permit tRNA gene sequences to be evolutionarily labile without sacrificing the high degree of translational fidelity that is necessary in the cell.
Our current appreciation for the importance of anticodon nucleotides to tRNA recognition is, in large part, due to Schulman's persistence in studying this problem. The results obtained by Schulman and other researchers have provided insights and prompted questions about the mechanism of tRNA recognition and the evolution of tRNAs. Thus, in the tradition of all good science, Schulman's research helped to answer long-standing questions, and in so doing, raised new questions that are certain to stimulate further investigations.
